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Protease inhibitors have been extensively used in research to prevent unwanted degradation of pro-
teins during puriﬁcation and analysis. Here, we report a remarkable discovery of protease inhibitor
mediated reformation of peptide bonds by the serine protease inhibitor, PMSF in a diverse set of
proteolyzed molecules. Interestingly, the religation reaction in the presence of PMSF occurs in a very
short time period and with very high yields of the religated product. We also investigate the plau-
sible mechanism of such a reaction and demonstrate through biochemical studies and X-ray crystal-
lography that proximity of reacting termini is essential for the feasibility of this reaction.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The inherent complexities involved in fabrication of protein
molecules using semi-synthetic techniques have led to extensive
employment of proteases in fragment-condensation reactions
[1–3]. Protease-mediated reformation of peptide bond has been
shown to occur in aqueous organic milieu with the non-covalent
complexes of rabbit muscle triosephosphate isomerase (TIM) and
lysozyme [4,5]. Resynthesis of cleaved rabbit muscle TIM using
crowding agents such as PEG and dextran has also been
demonstrated by Somalinga et al. [6]. Our previous pursuits in
the direction of peptide bond reformation in nicked glutathione-
S-transferase had shown that inorganic salts assisted peptide bond
resynthesis and were in the purview of the Hofmeister series [7].
Protease inhibitors are extensively used to prevent undesirable
degradation of proteins during their isolation and puriﬁcation and
can be broadly classiﬁed into two groups based on the mechanism
of action: one that facilitate inhibition by tightly binding onto the
active site of proteases through non-covalent interactions, such as
aprotinin, leupeptin or Chymotrypsin Inhibitor 2 (CI2); and the
other class that includes groups that bind covalently to the active
site of serine proteases thus irreversibly modifying the active site
of the enzyme, consequently rendering them useless. Phenyl
Methyl Sulfonyl Fluoride (PMSF) and 4-(2-Aminoethyl) Benzenechemical Societies. Published by E
Kishan).
, United Kingdom.Sulfonyl Fluoride (AEBSF) are examples of the second class of pro-
tease inhibitors that bind covalently onto the active-site residue by
sulfonylation, thereby affecting inhibition.
Here, we report an interesting discovery of peptide bond refor-
mation in proteolytically nicked protein molecules upon addition
of the protease inhibitor, PMSF and show that efﬁcient reformation
of peptide bond occurs due to close proximity of the nicked termini
and without the assistance of the protease, Subtilisin Carlsberg.2. Materials and methods
2.1. Proteolysis and religation reactions
All materials were obtained from Sigma (USA) unless stated
otherwise. Lysozyme-subtilisin reactions were carried out at a mo-
lar ratio of 100:1 in the presence of 50 mM Tris pH 8.0 and 2 mM
dithiothritol (DTT) at 37 C. For all other proteolysis reactions the ra-
tio of substrate to proteasewas100:1w/w, in thepresence of 50 mM
Tris pH 8.0 and 2 mM DTT. Reactions with subtilisin on beads were
carried out in a manner similar to that of the usual (without beads)
reaction and religation was facilitated by the addition of 2–3 mM
PMSF dissolved in DMSO. In order to analyze the effect of dehydrat-
ing agents such as acetic anhydride and acetyl chloride, lysozyme-
subtilisin reaction was carried out as mentioned earlier, followed
by the addition of 2 ll of varying concentrations of acetic anhydride
or acetyl chloride (at 5%, 6%, 7%, 8%, 9%, 10%, 20% and 40%) (prepared
in acetonitrile) to 100 ll of reaction mixture, which was thenlsevier B.V. All rights reserved.
Table 1
Data collection and reﬁnement statistics for proteolyzed lysozyme.
Data collection
Space group P43212
Cell dimensions a, b, c (Å) 78.56, 78.56, 38.22
Resolution (Å) 2.0
Completeness (%)a 93.9 (90.4)
Multiplicitya 4.5 (4.2)
Rmerge
a,b 0.095 (0.377)
Reﬁnement
Rwork/Rfree (%)c 21.3/23.8
Root mean square deviationsd
Bond length (Å) 0.005
Bond angle () 1.21
Average B-factors (Å2)
Lysozyme 21.881
Water 31.179
Ramachandran plot (%)
Favoured 97.6
Allowed 100
Disallowed 0
a Limits and values for the outer resolution are given in parentheses.
b Rmerge ¼ RRjIi;j < Ij > j=RRIi;j .
c R ¼ RhkljFobshkl  Fcalchkl j=RhklFobshkl .
d Root–mean–square deviation given from ideal values.
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quenched by the addition of SDS loading buffer followed by boiling
and analysis on SDS–PAGE.Fig. 1. Proteolysis and religation reactions of lysozyme, hydantionase and GST. (A) Lysozy
4: after 30 min, lane 5: after 60 min, lane 6: after addition of PMSF). (B) Hydantoinase: (la
30 min, lane 5: after 60 min, lane 6: after 180 min, lane 7: after 210 min, lane 8: after ad
lane 3: reaction mixture after 5 min, lane 4: reaction mixture after 10 min, lane 5: after2.2. Crystallization and structure determination of proteolyzed
lysozyme
Proteolysis mixtures of lysozyme-subtilisin were subjected to
treatmentwith100 ll ofp-aminobenzamidinebeads to facilitate re-
moval of subtilisin [8], and the supernatant after centrifugationwas
used for settingup crystallization trials. Trialswereperformed in the
presence of 0.1 M sodium phosphate citrate at pH 4.2, 0.2 M NaCl,
20% PEG3350 at 25 C with the reaction mixture (20 mg/ml), with
0.05–2.2% sulfuric acid alone in the reservoir at 4 and 25 C and also
with various PEGs at different concentrations (in the reservoir). Tri-
als performed in the presence of PEG yielded crystals that diffracted
to 2.0 Å on an in-house detector. Data were integrated and scaled
using Denzo and Scalepack programs [9] and the scaled data were
subjected to isomorphous replacement using the co-ordinates of
hen egg-white lysozyme (193L) using CNS suite of programs [10].
Iterative rounds of reﬁnement and visualization were performed
using reﬁnement programs from the CNS suite and O, respectively.
Data collection and reﬁnement statistics are presented in Table 1.
The Co-ordinates were submitted to the Protein Data Bank (3ZVQ).
3. Results
3.1. Religation of proteolyzed molecules by PMSF
We subjected lysozyme to proteolysis with Subtilisin Carlsberg
(SC) followed by the immediate addition of 2 mM PMSF dissolved
in Dimethyl Sulfoxide (DMSO) to quench the reaction. Fig. 1A
shows that SC facilitates complete proteolysis of lysozyme within
10 min from the initiation of the reaction. Surprisingly, uponme: (lane 1: control lysozyme, lane 2: reaction after 30 s, lane 3: after 10 min, lane
ne 1: marker, lane 2: control hydantoinase, lane 3: reaction after 5 min, lane 4: after
dition of PMSF). (C) GST: (lane 1: control GST, lane 2: reaction mixture after 20 s,
treatment with PMSF).
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no longer observed, instead a band with mobility similar to that
of the native molecule could be clearly seen on the gel, suggesting
that the nicked termini of proteolyzed lysozyme had religated to
generate the native form upon addition of PMSF. We then at-
tempted to test the effect of PMSF on the proteolytic reaction of
a different substrate, D-hydantoinase, a 54 kDa, monomeric protein
from the Bacillus sp. AR9 available from another in-house project.
Proteolysis was performed with a 100:1 w/w ratio of hydantoin-
ase:SC in the presence of 50 mM Tris pH 8.0 at 37 C and the pro-
gress of the reaction was monitored by collecting aliquots at
intermediate time points. Finally the reaction was quenched by
the addition of 2–3 mM PMSF. Fig. 1B illustrates that the partially
proteolyzed hydantoinase no longer exhibits fragmentation after
addition of the inhibitor. Interestingly, all the cleaved peptide
bonds of the substrate appear to have religated upon treatment
with PMSF, an observation similar to that seen with lysozyme. To
further assess the ubiquity of PMSF-assisted religation of peptide
bonds, GST was subjected to proteolysis with SC at 100:1 w/w ratio
under conditions stated in the methods section. Upon treatment
with 3 mM PMSF after 10 min from the initiation of the reaction,
no bands corresponding to the proteolyzed fragments could be de-
tected. However, a band with mobility similar to that of the native
molecule could be clearly discerned on the SDS–PAGE (Fig. 1C),
suggesting that peptide bond reformation had taken place as a con-
sequence of addition of the protease inhibitor. Taken together the
investigations demonstrated the remarkable efﬁcacy of PMSF in
bringing about religation of the nicked termini of proteolyzed
substrates.
3.2. Close proximity of nicked termini facilitates peptide
bond reformation
Since protease-catalyzed religation had been earlier demon-
strated with RNaseA in the presence of organic co-solvents, albeit
with yields upto 50% after time periods of about 2 weeks [11],
we attempted to assess the efﬁcacy of PMSF in bringing about
the religation reaction of this molecule. RNaseA was subjected to
proteolysis with SC at 100:1 w/w ratios in the presence of
50 mM Tris at pH 8.0 and aliquots of the reaction mixture were col-
lected for visualization of the progress of the proteolysis reaction.
However, upon addition of PMSF, no band with mobility corre-
sponding to that of native RNaseA could be observed (Fig. 2A). In-
sights from the literature suggested that proteolysis of RNaseA
using SC results in the cleavage of peptide bond between Ala20
and Ser21 residues that mapped to a ﬂexible loop region connect-
ing the RNaseS (21–124) with the helical S-peptide (residues 1–20)Fig. 2. Proteolysis and religation reactions of RNaseA and GST Eps8SH3. (A) RNaseA: (lane
after 10 min, lane 5: after 30 min, lane 6: after 60 min, lane 7: after 90 min, lane 8: after
marker, lane 2: control GST-Eps8SH3, lane 3: reaction at 5 min, lane 4: at 10 min, lane 5[12,13]. Therefore these results suggested that the inherent confor-
mational ﬂexibility of the loop in RNaseA might have augmented
the entropic barrier towards peptide bond formation, thus prevent-
ing religation upon the addition of PMSF.
To further analyze the effect of conformational ﬂexibility on
PMSF mediated religation, GST-SH3 fusion protein carrying a ﬂex-
ible linker between GST and Eps8SH3 (obtained from another in-
house project) was subjected to proteolysis with a 100:1 w/w ratio
of the fusion protein with SC. Fig. 2B indicates that addition of
PMSF resulted in the formation of a religated molecule with mobil-
ity similar to that of intact GST (lane 7). However, the religated
GST-SH3 fusion molecule was not generated indicating that the
ﬂexible linker region between GST and the fusion partner SH3
obviated the generation of the fusion protein.
3.3. Nicked termini of proteolyzed lysozyme maintain close proximity
To gain further insights into the effect of conformational ﬂexi-
bility on peptide bond formation, we solved the structure of prote-
olyzed lysozyme using X-ray crystallography. Surprisingly, our
initial attempts to crystallize proteolyzed lysozyme yielded crys-
tals carrying religated lysozyme molecules in the presence of
0.1 M sodium phosphate citrate buffer at pH 4.2, 0.2 M NaCl, 20%
PEG3350 (Fig. S1 (A and B)). We then set up trials with only nicked
lysozyme in the crystallization drop and 0.1–2.2% sulfuric acid in
the reservoir to draw solvent from the crystallization drop
(Fig. S1 (C)). Denaturing gel analysis of crystals obtained in this
manner showed that the crystals carried proteolyzed lysozyme
(Fig. S1 (D)) indicating that contents of the initial crystallization
drop may have facilitated the religation reaction. Since these crys-
tals diffracted poorly, we replaced the reservoir solution with var-
ious concentrations of different PEGs. The best crystals obtained in
the presence of 15% PEG3350 diffracted to 2.0 Å at the in-house
source (Table 1). Analysis of the crystal structure clearly showed
that density was missing for the Gly71 residue in the loop region,
encompassing residues Pro70 and Ser72 (Fig. 3A). We then con-
ﬁrmed this observation further by computing an omit map for
the missing residue and found it to be similar to the one obtained
earlier. Interestingly, despite the observation of a cleavage site in
the loop, the temperature factors of the residues encompassing
the site of proteolysis were similar to that of other lysozyme struc-
tures (Fig. S2), suggesting that the absence of peptide bond be-
tween the residues encompassing the site of cleavage does not
alter their relative positions. We further investigated the conse-
quences of peptide bond cleavage by superposing the loop regions
of the proteolyzed molecule with other lysozyme structures and
found that there were minimal deviations of Pro70 and Ser721: marker, lane 2: control RNase A, lane 3: after 30 s from start of reaction, lane 4:
addition of PMSF, lane 9: 10 min after addition of PMSF). (B) GST-Eps8SH3: (lane 1:
: at 30 min, lane 6: at 60 min, lane 7: after addition of PMSF).
Fig. 3. X-ray crystallographic analysis of proteolyzed lysozyme. (A) 2Fo-Fc map of proteolyzed lysozyme (contoured at 1.0r level) depicting the density around the site of
proteolysis. (B) Superposition of the nicked region of lysozyme (magenta) with similar regions from 1BWH (cyan) and 193L (orange) displaying structural changes in the
vicinity of the proteolyzed region.
Fig. 4. SDS–PAGE proﬁles illustrating PMSF-mediated religation in the absence of protease. (A) Proteolysis of GST with SC on beads and religation (lane 1: marker, lane 2:
control GST, lane 3: reaction mixture after 5 min, lane 4: reaction mixture supernatant obtained after centrifugation, lane 5: effect of PMSF on supernatant). (B) Effect of PMSF
on crystals of nicked lysozyme. (Lane 1: marker, lane 2: control lysozyme, lane 3: crystal of nicked lysozyme, lane 4: PMSF treated crystal of nicked lysozyme.)
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that post-proteolysis, the nicked termini of lysozyme remain in
close proximity thus exhibiting low entropic parameters. It is
therefore very much conceivable that under such circumstances
of proximity of termini, facile formation of the peptide bond can
take place provided the termini are activated for such a reaction,
thus lowering the enthalpic parameter for the reaction.
3.4. Religation of peptide bond occurs without the assistance
of protease
Since the other components, apart from PMSF in the reaction
mixture were SC and DMSO, attempts were made to understand
the role of these reagents in aiding religation. We added the same
concentration of DMSO to the lysozyme-subtilisin reaction, as that
when 2–3 mM PMSF dissolved in DMSO was added to the reaction
and found that no religation of proteolyzed lysozyme occurred
(data not shown). Protease VIIIA cross-linked to 4% beaded-agarose
was used to affect proteolysis of GST. Denaturing PAGE analysis
showed that application of PMSF to the supernatant resulted in
the generation of intact GST molecule (Fig. 4A), therefore hintingtowards protease-inhibitor assisted religation being a protease-
independent phenomenon. Since our results showed a stark differ-
ence from earlier studies pertaining to protease-catalyzed religa-
tion, further elucidation of the insigniﬁcance of proteases in
PMSF-mediated religation was deemed necessary.
Studies performed to elucidate the purity of lysozyme crystals
as a consequence of accompanying macromolecular impurities
such as avidin, ovalbumin and conalbumin at concentrations as
high as 50% have shown that high crystal purity (>99.99%) was ob-
served for lysozyme [14]. Since crystals of proteolyzed lysozyme
were available, the effect of PMSF on a highly homogeneous popu-
lation of nicked lysozyme in the crystals devoid of subtilisin was
studied. Crystals of nicked lysozyme were washed thoroughly with
buffer, and the religation reaction was carried out by the addition
of PMSF to an aliquot of the washed crystals. Fig. 4B illustrates that
addition of 2 mM PMSF to a highly puriﬁed population of proteo-
lyzed lysozyme in the crystals resulted in efﬁcient religation there-
fore implying that PMSF alone could facilitate religation of the
nicked species of lysozyme.
Since peptide bond formation essentially involves the release of
a water molecule upon reaction of the amino group with the
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such as acetyl chloride and acetic anhydride on proteolyzed lyso-
zyme to test whether religation by PMSF was a consequence of
condensation reaction. Fig. S3 (A) shows that in the presence of
0.4% acetyl chloride (lane 13) complete religation of proteolyzed
lysozyme was achieved, and to a degree similar to that obtained
with PMSF. Next, we used varying concentrations of acetic anhy-
dride on proteolyzed lysozyme and found that 0.2% (ﬁnal concen-
tration) of acetic anhydride led to complete religation of
proteolyzed lysozyme (Fig. S3 (B)), thus strongly suggesting that
peptide bond reformation by PMSF is a dehydration reaction.
Spectroscopic and chromatographic examinations performed
with religated and native GST using far-UV CD, intrinsic ﬂuores-
cence and size exclusion chromatography showed that structural
characteristics of both species were similar, indicating that the reli-
gation reaction does not alter the molecule structurally (data not
shown).4. Discussion
We have discovered that addition of the protease inhibitor PMSF
to proteolytic reactions remarkably leads to re-synthesis of peptide
bonds in diverse proteolyzed molecules within a few seconds and
with yields that have not been observed in other cases of peptide
bond re-synthesis reactions. In order to probe the mechanism of
such reactions, we began with investigating the role of entropy in
the religation reaction using proteolyzed RNaseA, GST-SH3 and the
crystal structure of proteolyzed lysozyme, as we thought that the
reacting termini should be in close proximity to facilitate such a
reaction. Structural studies of the nicked species of RNaseA by Kim
et al. [13] showed that electron densities were absent for residues
16–23 in the nicked form of RNaseA, therefore suggesting an inher-
ent ﬂexibility of these residues as a consequence of proteolysis. We
therefore think that PMSF-mediated religation was hindered in the
case of RNaseA due to the inherent ﬂexibility of the nicked termini
of the molecule. To further attest the importance of lowering of en-
tropy in thephenomenonof peptidebond reformation,we subjected
the fusion protein GST-SH3 to proteolysis with SC. GST-SH3 fusion
protein was a suitable choice for such studies, since the fusion mol-
ecule comprises the GST module that shows religation in the pres-
ence of PMSF, in addition to a ﬂexible linker region that connects
the SH3 domain to theGSTmolecule. Absence of the religated fusion
proteinupon addition of PMSF, suggested that thehigh entropic bar-
rier posed by the linker region prevented facile religation of the SH3
domainwith theGSTmodule.We also usedX-ray crystallography to
show that in proteolyzed lysozyme, the nicked termini were held in
close proximity despite being present on a loop, thereby facilitating
religation upon addition of PMSF. These studies clearly indicate that
lowering of entropic barrier is an essential feature in PMSF-assisted
religation reactions. Interestingly, evidence from studies on the
mechanism of peptide bond synthesis in the ribosome have also
shown that proximity of the reacting termini is essential for forma-
tion of the peptide bond [14–16], thus supporting our argument of
the importance of proximity in peptide bond reformation.
We then used crystals of proteolyzed lysozyme as well as sub-
tilisin linked to agarose beads, to show that the religation mecha-
nism did not involve the action of subtilisin. Thus, suggesting a
marked departure from the hitherto accepted concept of peptide
bond reformation in the presence of proteases being catalyzed by
the enzyme itself.
PMSF, the serine protease inhibitor generally employed for
quenching proteolysis reactions acts by sulfonylation of the Oc
atom of the serine residue in the catalytic site, thereby obliterating
the active site and leading to irreversible inhibition of the catalytic
activity of SC. Since the active site of SC is blocked due to thepresence of the inhibitor, we argue that the protease is rendered
useless in catalyzing either proteolysis or religation reactions. In
order to further elucidate the mechanism of peptide bond forma-
tion in the presence of PMSF, we used dehydrating agents like acet-
yl chloride and acetic anhydride and found that proteolyzed
lysozyme religated in a manner similar to that when PMSF was
employed. In light of the results obtained with the dehydrating
agents employed in this study, we conclude that PMSF and other
dehydrating agents facilitate a condensation reaction at the nicked
termini of proteolyzed molecules leading to peptide bond reforma-
tion at these sites.
Overall, our results present a novel perspective of peptide bond
religation and gain importance due to the remarkably low concen-
trations of religating agent used for bringing about peptide bond
formation with high efﬁciency. We therefore propose that religat-
ing agents such as PMSF, possibly other sulfonyl ﬂuorides and
dehydrating agents, could facilitate tremendous technological
advancement in the ﬁeld of peptide bond synthesis and require
further investigations.
Acknowledgements
AS acknowledges the ﬁnancial support provided by CSIR. We
would like to thank the reviewers for their insightful comments
that have helped improve the manuscript. We acknowledge the
technical help rendered by Mr. S. Nimsadkar. We thank Dr. Kumar
and Dr. Saxena for providing Hydantoinase and GST-SH3.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2011.10.004.
References
[1] De Filippis, V. and Fontana, A. (1990) Semi-synthesis of carboxy-terminal
fragments of thermolysin. Int. J. Pept. Protein Res. 35 (3), 219–227.
[2] Acharya, A.S., Cho, Y.J. and Iyer, K.S. (1987) Staphylococcus aureus V8-protease
catalyzed segment exchange reaction of alpha-chain of hemoglobin S: a
semisynthetic approach for the preparation of variants of alpha-chain. Prog.
Clin. Biol. Res. 240, 3–19.
[3] Seetharam, R. and Acharya, A.S. (1986) Synthetic potential of Staphylococcus
aureus V8-protease: an approach toward semisynthesis of covalent analogs of
alpha-chain of hemoglobin S. J. Cell Biochem. 30 (1), 87–99.
[4] Vogel, K. and Chmielewski, J. (1994) Rapid and efﬁcient resynthesis of
proteolyzed triose phosphate isomerase. J. Am. Chem. Soc. 116, 11163–11164.
[5] Vogel, K., Cook, J. and Chmielewski, J. (1996) Subtilisin-catalyzed religation of
proteolyzed hen egg-white lysozyme: investigation of the role of disulﬁdes.
Chem. Biol. 3, 295–299.
[6] Somalinga, B.R. and Roy, R.P. (2002) Volume exclusion effect as a driving force
for reverse proteolysis. Implications for polypeptide assemblage in a
macromolecular crowded milieu. J. Biol. Chem. 277, 43253–43261.
[7] Kishan, K.V. and Sharma, A. (2010) Salt-assisted religation of proteolyzed
glutathione-S-transferase follows Hofmeister series. Protein Pept. Lett. 17 (1),
54–63.
[8] Yang, C., Guan, Y., Jianmin, X. and Huizhou, L. (2006) Development of
superparamagnetic functional carriers and application of afﬁnity separation
of Subtilisin Carlsberg. Polymer 47, 2299–2304.
[9] Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffraction data
collected in oscillation mode. Methods in Enzymology. 276: Macromolecular
Crystallography, part A. 307–326.
[10] Brünger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P., Grosse-
Kuntsleve, R.W., Jian-Sheng, J., Kuszewski, J., Nilges, M., Pannu, N.S., Read,
R.J., Rice, L.M., Simonson, T. and Warren, G.L. (1998) Crystallography and NMR
system: a new software suite for macromolecular structure determination.
Acta Cryst. D 54, 905–921.
[11] Homandberg, G.A., Mattis, J.A. and Laskowski Jr., M. (1978) Synthesis of
peptide bonds by proteinases. Addition of organic co solvents shifts peptide
bond equilibria toward synthesis.. Biochemistry 17, 5220–5227.
[12] Richards, F.M. and Vithayathil, P.J. (1959) The preparation of subtilisin-
modiﬁed ribonuclease and the separation of the peptide and protein
components. J. Biol. Chem. 234, 1459–1465.
[13] Kim, E.E., Varadarajan, R., Wyckoff, H.W. and Richards, F.M. (1992) Reﬁnement
of the crystal structure of ribonuclease S. Comparison with and between the
various ribonuclease A structures. Biochemistry 31, 12304–12314.
3470 A. Sharma, K.V. Radha Kishan / FEBS Letters 585 (2011) 3465–3470[14] Judge, R.A., Forsythe, E.L. and Pusey, M.L. (1998) The effect of protein
impurities on lysozyme crystal growth. Biotechnol. Bioeng. 59, 776–785.
[15] Gregory, S.T. and Dahlberg, A.E. (2004) Peptide bond formation is all about
proximity. Nat. Struct. Mol. Biol. 11 (7), 586–587.[16] Youngman, E.M., Brunelle, J.L., Kochaniak, A.B. and Green, R. (2004) The active
site of the ribosome is composed of two layers of conserved nucleotides with
distinct roles in peptide bond formation and release. Cell 117 (5), 589–599.
